Purpose To investigate phenotypic variability in terms of best-corrected visual acuity (BCVA) in patients with Stargardt disease (STGD) and confirmed ABCA4 mutations. Methods Entire coding region analysis of the ABCA4 gene by direct sequencing of seven patients with clinical findings of STGD seen in the Retina Clinics of Southampton Eye Unit between 2002 and 2011. Phenotypic variables recorded were BCVA, fluorescein angiographic appearance, electrophysiology, and visual fields. Results All patients had heterozygous amino acid-changing variants (missense mutations) in the ABCA4 gene. A splice sequence change was found in a 30-year-old patient with severly affected vision. Two novel sequence changes were identified: a missense mutation in a mildly affected 44-year-old patient and a frameshift mutation in a severly affected 34-year-old patient. Conclusion The identified ABCA4 mutations were compatible with the resulting phenotypes in terms of BCVA. Higher BCVAs were recorded in patients with missense mutations. Sequence changes, predicted to have more deleterious effect on protein function, resulted in a more severe phenotype. This case series of STGD patients demonstrates novel genotype/phenotype correlations, which may be useful to counselling of patients. This information may prove useful in selection of candidates for clinical trials in ABCA4 disease.
Introduction
The ABCA4 gene produces an ATP-binding cassette superfamily transmembrane protein expressed in retinal photoreceptors and involved in the transport of substrates across membranes. It is a large gene consisting of 50 exons. Missense mutations in this gene were first identified as causing Stargardt disease (STGD) or fundus flavimaculatus (FFM). 1, 2 Subsequently, it was appreciated that mutations that resulted in truncation or severe misfolding of the ABCA4 protein led to more severe retinal phenotypes of retinitis pigmentosa and cone-rod dystrophy. Intrafamilial variability of the phenotype in STGD has also been reported. This suggests that other genes or the environment affect the phenotypic expression of a given ABCA4 genotype. 1 
Case reports
Analysis was performed for the entire coding region of the ABCA4 gene by direct sequencing of seven patients with clinical findings of STGD, seen in the Retina Clinics of Southampton Eye Unit between 2002 and 2011.
The whole coding sequence of the ABCA4 gene was sequenced at the Netherlands Institute for Neuroscience in Amsterdam.
Phenotypic variables recorded were best-corrected visual acuities, fluorescein angiographic appearance, electrophysiology, and visual fields. We focused on best-corrected visual acuity (BCVA), which is an easy to access and useful marker of disease progression and prognosis. We estimated disease duration based on the date of first-time diagnosis of the disease by a retina specialist.
This was a retrospective study and we did not ask for institutional approval as the investigations were part of patients' routine clinical care without any additional interventions occurring.
Case 1
A 44-year-old man presented with a gradual, relatively recent decreased visual acuity in the right eye (logMar BCVA OD: 032, OS: 0.02), no previous ocular or medical history, and no known family history of an ocular disease. On fundus examination, there was some pigment mottling in both maculae and 'fish-tail'-like retinal flecks with a central distribution mainly in the right eye (Figure 1 ). Visual fields revealed a central relative scotoma in the right eye but the test was normal for the left eye. The fluorescein angiogram displayed a characteristic 'dark choroid' in the right eye and a patchy pattern of choroidal hyperfluorescence in the left eye. Full-field electroretinogram (ERG) was normal in both eyes, whereas the pattern ERG (PERG) was reduced in both eyes, with a lower PERG amplitude in the right eye. Analysis of the entire coding region of the ABCA4 gene revealed a nucleotide change (missense) mutation, 191C4T, which has not been reported in the literature before and confirmed the diagnosis of STGD.
Case 2
A 29-year-old woman presented with a vague description of visual problems, mainly complaining of a decreased ability to focus while reading and a recently increasing difficulty to adapt in the dark but normal visual acuity in both eyes (logMar BCVA OD/OS: 0.02), and no other ocular or medical history or a family history of an ocular disease. Fundus examination was unremarkable as well as visual fields and fluorescein angiogram were rejected by the patient. However, electrophysiology testing enhanced the suspicion of a possible Stargardt's diagnosis as PERG responses were diminished in both eyes. Analysis of the ABCA4 gene revealed two, known to cause STGD, heterozygous amino acid-changing variants, 1805G4A and 6079C4T.
Case 3
A 34-year-old woman presented with a bilateral markedly decreased vision (logMar BCVA OD:0.93, OS:0.95), which according to the patient started deteriorating a year before presentation and had recently become even worse. There was no previous ocular history or a remarkable medical history and no family history of an ocular disease either. Fundus examination showed bilateral atrophic lesions of the macula accompanied by yellow-white stellate flecks at the level of the retinal pigment epithelium. Atrophic lesions and flecks were also extending to the midperiphery of both retinae. Visual fields revealed a bilateral absolute central scotoma and relative paracentral scotomas as well in both eyes. PERG was significantly reduced, while scotopic and photopic amplitudes were also lower than normal. Analysis of the ABCA4 gene revealed a missense mutation, 5882G4A, recorded in the literature before as well as a frameshift mutation, 6709insA, that in the best of our knowledge has not been previously reported.
Cases 4-7
Four of the patients included in this case series were diagnosed with STGD years ago based on clinical findings and ancillary tests; however, the diagnosis was never genetically confirmed ( Table 1 ). The patients' age ranged from 34 to 55 years. Three of them were men and one was woman. Disease duration varied from 8 to 22 years. BCVA was significantly reduced in both their eyes and ranged between 0.22 and 1.34 logMar. Visual fields, FFA, and electrophysiological tests were not all consistently performed in all patients but we did analyse the coding region of the ABCA4 gene, and all of them were found to have in heterozygous form amino acidchanging variants. A splice sequence change was additionally found in a 30-year-old patient with severly affected vision (Figure 2 ).
Discussion
There are 700 disease-associated variants for the ABCA4 gene and more than half of them have been detected only once. 9 As ABCA4-associated diseases are recessive, it is common for a patient to be the only affected member in a family. It is therefore difficult to determine the pathogenicity of rare variants. Hence, it is useful to report additional patients to help confirm the pathogenicity of rare mutations. Correct molecular diagnosis and genotype/phenotype correlations remain a crucial step towards understanding the broad spectrum of ABCA4 retinopathies. In addition, recruitment of patients in clinical trials that aim to investigate effectiveness and safety of treatment options require molecular confirmation of the disease. Correlation of specific genotypes with phenotypic progress will also aid the design and assessment of patients in clinical trials.
Genotype/phenotype correlation in our small case series of molecularly confirmed Stargardt's patients revealed a novel frameshift ABCA4 mutation, which accounts for a severly affected phenotype with a relatively early onset of the disease and a rapid deterioration in visual acuity. Conversely, a novel missense mutation was found in one of our mildly affected patients with a later onset of the disease and a significantly better visual acuity. Our results are consistent with previous findings, according to which truncating and severely misfolding mutations are associated with an early-onset disease characterized by a primary photoreceptor loss, whereas in patients with milder mutations, photoreceptors are at least initially spared. 10 This small case series of STGD patients demonstrates novel genotype/phenotype correlations, which may be useful to counselling of patients. This information may also prove useful in selection of candidates for clinical trials in ABCA4 disease.
Summary
What was known before K There are 700 disease-associated variants for the ABCA4 gene and more than half of them have been detected only once. Mutations that resulted in truncation or severe misfolding of the ABCA4 protein led to more severe retinal phenotypes of retinitis pigmentosa and cone-rod dystrophy. Missense mutations in this gene were first identified as causing STGD or FFM.
What this study adds
K This small case series of STGD patients demonstrates novel genotype/phenotype correlations, which may be useful to counselling of patients. This information may also prove useful in selection of candidates for clinical trials in ABCA4 disease.
